Primordial black holes (PBHs) with a mass from 10 −16 to 10 −11 M may comprise 100% of dark matter. Due to a combination of wave and finite source size effects, the traditional microlensing of stars does not probe this mass range. In this paper, we point out that X-ray pulsars with higher photon energies and smaller source sizes are good candidate sources for microlensing for this mass window. Among the existing X-ray pulsars, the Small Magellanic Cloud (SMC) X-1 source is found to be the best candidate because of its apparent brightness and long distance from telescopes. We have analyzed the existing observation data of SMC X-1 by the RXTE telescope (around 10 days) and found that PBH as 100% of dark matter is close to but not yet excluded. Future longer observation of this source by X-ray telescopes with larger effective areas such as AstroSat, Athena, Lynx, and LOFT can potentially close the last mass window where PBHs can make up all of dark matter.
Introduction
Primordial black holes (PBHs) were proposed as a macroscopic dark matter (DM) candidate a few decades ago [1] . They can be formed in simple inflationary models and do not require new physics below the inflationary scale (see, e.g., Refs. [2, 3] for reviews). Because of their simplicity as a DM candidate, it is necessary to search for PBHs with all possible masses. Although there are many theoretical and experimental efforts to search for PBHs, there is still a mass window from around 10 −16 to 10 −11 M within which PBHs can still compose all of dark matter. It is the purpose of this paper to identify a search method to find or constrain PBHs in this mass window.
In order to be stable on cosmological time scales and evade extragalactic gamma ray bounds from evaporation, PBHs must have mass M 10 17 g or 10 −16 M [4] . However, "small" PBH masses remain relatively unconstrained for many orders of magnitude in mass above this bound. Previous searches for small-mass PBHs include microlensing [5] of stars in M31 using the Subaru/HSC telescope [6] and femtolensing of gamma ray bursts (GRBs) [7] using the Fermi GBM detectors [8] . The Subaru/HSC study was limited by wave effects [7] and finite source size effects [9] and can only probe PBH masses M 10 22 g or 10 −11 M . Regarding the study of Fermi GBM data, it was pointed out in Ref. [10] that GRBs cannot at present set bounds on PBHs because the size of the GRB gamma-ray emitting region is too large compared to the Einstein radius of the lens. Future observations may eventually probe approximately M ∈ [10 17 , 10 19 ] g if GRBs with small enough source size are observed. Other potential constraints in this regime come from neutron star capture [11] and white dwarf destruction [12] , both of which face astrophysical uncertainties including the DM abundance in globular clusters [13] [14] [15] [16] . Other microlensing studies at larger masses above 10 24 g include MACHO [17] , EROS [18] , OGLE [19] , Kepler [20] , caustic crossing [21] , and quasar microlensing [22] . Thus, a potential window exists for PBHs to be all of DM with mass in the approximate range of M ∈ [10 17 , 10 22 ] g or [10 −16 , 10 −11 ] M . In this paper, we investigate whether any astrophysical object could make a suitable source to search for gravitational lensing due to PBHs in this mass window. A few criteria for a source to serve as a good (micro-)lensing object include: i) a large photon energy with sufficient photon counts to reduce the wave effects of lensing; ii) a small geometric size compared to the Einstein radius such that the finite source size effects are small; iii) a long distance from the telescopes around the Earth to increase the optical depth or the number of possible lensing events; iv) a large steady photon flux such that a sudden brightness magnification can be easily identified.
For the first condition i), the wave effects becomes important when 4G N M E γ 1 [7] or
, where G N is Newton's gravitational constant and E γ is the lensed photon energy. This leads us to consider sources emitting in the X-ray spectrum with energy above 1 keV, where we may ignore the wave effect for M few × 10 20 g, but not for a smaller mass. In our full analysis, we will take the wave effects into account to determine the minimum mass that can be probed.
The second condition ii) points towards using highly compact sources. To have a rough understanding of the finite source size effects, we can compare the source size and the Einstein radius when both are projected on the lens plane. Defining x = D OL /D OS as the ratio of the observer-lens angular diameter distance, D OL , over the observer-source angular diameter distance, D OS , the source radius R S is reduced to xR S after projection to the lens plane. The Einstein radius has
. (1) The ratio of the source and Einstein radii is given by
which suggests a very compact source object like a neutron star or stellar mass black hole in order to have a S (x) 1 for x = O(1). The third and fourth conditions are somewhat at odds-a large distance puts more lenses between the source and the telescope, but it also decreases the source apparent brightness. Balancing these turns out to favor sources towards the outer reaches of the Milky Way halo, e.g., in Milky Way satellite galaxies.
In the next section, we motivate why X-ray binary pulsars satisfy these conditions and determine the best candidate source pulsars. The following three sections detail calculations of the lensing event rate and magnification, including wave and finite source size effects. Section 6 presents current and prospective experimental bounds. We conclude in Section 7.
X-ray pulsars as lensing sources
Among the X-ray sources with emitted photon energy around 1-100 keV, X-ray binaries are potential good candidates for lensing because the X-ray emission region can be relatively small. Most X-ray binaries consist of a compact stellar remnant and a nearby relatively normal donor star. Typically, the compact objects are either a neutron star (∼ 1-2 M ) or a black hole (∼ 5-15 M ) [23, 24] . The matter from the donor gravitationally infalls into the compact object, forming an accretion disk. X-rays are emitted according to the accretion mechanism [25, 26] , with an X-ray emission region within a factor of few times the neutron star radius or the black hole Schwarzschild radius. For an X-ray pulsar with a solar-mass neutron star as the accretor, the hard X-rays are mainly emitted from the accretion column with a polar cap radius of 0.1 R NS and a cylinder height of R NS , with R NS ≈ 10 km denoting the neutron star radius [27] . Since the emitting direction of the hard X-rays is approximately perpendicular to the column height, the source size is anticipated to be less than around the neutron-star radius, or R S R NS , and is generically below 100 km. Given the uncertainty on the current understanding of the source size, we will include the finite source size effects for R S up to 100 km and choose a fiducial value of R S = 20 km for our later analysis. The brightest X-ray black hole binaries in general are more massive and thus have a larger emitting area and more important finite source size effects.
The observed X-ray spectrum for an X-ray pulsar is dominated by two features: direct emission from its accretion column as described above and reprocessing of column X-rays by its accretion disk [27] . The reprocessing dominates the soft energy spectrum below about 1 keV, while the accretion column dominates above about 2 keV for the pulsars in our study [28, 29] . While the source size of the reprocessed X-rays is potentially large, as discussed above the accretion column is smaller. Thus, it is important to limit any lensing search using these sources to energies greater than 2 keV, which by coincidence aligns nicely with the energy where wave effects become less important for PBH mass around 10 20 g-the mass region we wish to probe. Among all the X-ray pulsars, in order to satisfy the conditions iii ) and iv ) in Section 1, we focus on the most distant bright sources. It is straightforward to identify the X-ray pulsars either in the Large or Small Magellanic Clouds (LMC or SMC) with a distance of 50-65 kpc as the potential good sources [24] . Furthermore, to have a large value of observed photon counts per second, we eventually identify SMC X-1 and LMC X-4 as the two "good" sources to search for lensing events by PBH's and concentrate on SMC X-1 for quantitative analysis.
Estimation of optical depth and averaged time interval
Before we introduce the formulas to calculate the event rate with both wave and finite source size effects, we first estimate the optical depth and average time interval between lensing events [5] . We will use more precise formulas in Section 5 for our final sensitivity study. To estimate the optical depth for PBH DM lensing a source in SMC and LMC, we use the isotropic Einasto profile [30] as the dark matter density in our galaxy
with ρ = 0.4 GeV/cm 3 , r s = 20 kpc, r = 8.5 kpc and β = 0.17. Other dark matter profiles will only introduce a small perturbation for later results. In our analysis, we will also conservatively ignore the dark matter contributions from SMC and LMC, which only increase the optical depth by around 10% in the point-like source case and even smaller for the finite source size case.
For a point-like source and ignoring wave effects, the optical depth, or the probability for a source to be within y T Einstein radii of a foreground PBH lens, is simply
Here, f PBH is the fraction of PBH contributions to the total DM energy density and y T is the threshold PBH distance from the source line of sight in units of r E -its value depends on the required magnification factor. The integrand of (4) is independent of the lens mass, but has a quadratic dependence on the source distance [see Eq. (1) . The optical depths to other X-ray pulsars that are within our galaxy [34] are only a few percent of or even smaller than the optical depths for SMC and LMC sources, so we will not include them in our analysis.
To have a rough estimate of the lensing event rate or the averaged time interval between two events, we adopt the approximate formula in Ref. [5] 
Here, we have used τ = 8.4 × 10 −7 for SMC X-1. The Einstein radius crossing time is
19 g and the PBH perpendicular speed around v ⊥ ≈ 240 km/s [35] . In the situation with negligible background events, an observation of this X-ray source with a length of O(10 days) could constrain PBH as 100% of DM. In the following section, we will include both the wave and finite source size effects and make a more realistic estimation of the event rate.
Wave optical lensing for a finite source size
For a source emitting primarily with X-ray energy of O(1-10 keV), wave effects must be taken into account in order to probe a lower PBH mass range 10 19 g. For a point-like source, the magnification factor µ is given by [36] µ(w, y) = π w
as the tangential distance between the source and lens. Note that the mass dependence in w comes from the black hole Einstein radius. This formula is valid for any lens of mass M so long as its radius is less than the Einstein radius. In the limit of y = 0, the hypergeometric function 1 F 1 approaches 1 and the maximal magnification is simply the prefactor, µ max = π w/(1 − e −πw ). For a general y, we can also calculate the two limits of µ in terms of w, which are
. (7) So, when the wave effect is important with w → 0, µ → 1 and there is no magnification.
2 For sources near or in our galaxy, we have ignored the redshift factor for the lens distance. 
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Figure 1: The averaged magnification factor µ for a range of photon energies as a function of y defined as the ratio of the tangential source-lens separation in the lens plane over the Einstein radius. The source is assumed to be point-like for this plot.
For a specific source, one could calculate the averaged magnification factor after integrating out a range of energy. For a source energy spectrum of F (E γ ), we define
When analyzing the data for a specific telescope, one should also include the energy-dependent effective acceptance area of the telescope A(E γ ) by making the replacement
The hard energy spectrum for an X-ray pulsar usually follows a power-law with an exponential cutoff. For SMC X-1, we take F (E γ ) = E for E γ > 6 keV [37] . The averaged energy for the range from 2 to 60 keV is E γ = 6.8 keV.
Integrating out this energy range, we show the magnification factors for different PBH masses in Fig. 1 . It is clear from this figure that the magnification factor decreases as mass decreases and the wave effect becomes more important. However, this decrease is not monotonic. For instance, the corresponding value of y for µ = 1.8 is the larger for M = 10 19 g than for 10 20 g. For M = 10 18 g, the maximum magnification factor is slightly below 1.2. So, there may exist a threshold PBH mass under which lensing is undetectable. To get around this, one may consider increasing E min to reduce the wave effect at the cost of reducing the total photon counts and increasing statistical errors. We will come back to this point when we analyze the real data.
Having discussed the wave effects, we now include the finite source size effect. Given our limited understanding of the source spatial properties, we simply assume a two-dimensional Gaussian distribution with the source size of R S in each direction. The source intensity is
, where χ is the two-dimensional vector with respect to the source center. After integrating out the angular variable, one rewrites the magnification factor for a fixed energy [38] 
Here, the dimensionless parameter, a S (x), is defined in Eq. (2) and proportional to the source size, R S . The function I 0 (z) is the zeroth-order modified Bessel function. Similarly to Eq. (8), one can also calculate the energy-averaged µ by integrating over the relevant energy range.
Requiring threshold values of µ T = 2.0 or 1.3, we show the allowed parameter space in the x-y plane in Fig. 2 . For a larger value of magnification factor (left panel), the finite source size effect is more dramatic. As the source size increases, the allowed range in x shrinks, which results in a smaller optical depth and a longer observation time required to place a limit. For a small value of x, the finite source size effect is not important because a S (x) → 0 as x → 0. The allowed range in y increases when the threshold magnification µ T decreases, and we have already seen from the optical depth that a larger value for y T increases the rate of lensing. So, the final sensitivity when searching for PBH microlensing events depends on the choice of µ T for which lensing can be distinguished from normal source fluctuations. We will determine µ T based on the variance in the count rate from telescope observations. 
Event rate
To calculate the event rate, we take into account the dark matter velocity distribution in our galaxy. Ignoring the small effects of the source motion [39] , the differential event rate is given by [6, 39] 
Here,t is the timescale of the microlensing event; v r is the velocity of the PBH in the lens plane and is related tot by v r = 2 r E (x) y T (x) 2 − y 2 /t; y T (x) is the threshold source-lens distance to have µ > µ T as displayed in Fig. 2 ; x max ∈ [0, 1] is the upper value of x depending on the source size as in Fig. 2 . The velocity v c is the velocity dispersion in our galaxy, which is taken to be approximately the circular velocity. For our analysis, we simple take this velocity to be v c ≈ 240 km/s for a wide range of locations away from the center of the galaxy [35, 40] . Depending on the experimental data, one could choose a minimum value for the lensing timescale, t min , which should be a factor of few times the time binning t bin in order to have magnified counts for a few bins. Then, the average time interval from one event to another is
We show this quantity as a function of t min for different PBH masses and source sizes in Fig. 3 . Again, for a smaller value of magnification factor, the finite source size effects are smaller for a fixed PBH mass. For µ T = 1.3 and t min = 0.3 s, the averaged time interval is around 7 days for M = 10 19 g and 5 days for M = 5 × 10 18 g. 
Existing and future experimental constraints
Having outlined the calculations for optical depth, magnification, and event rate, we now determine the most promising lensing sources and demonstrate how effectively X-ray telescopes can search for PBH lensing events. Between the X-ray pulsars identified above, SMC X-1 has a larger luminosity of around 1.5 × 10 39 erg/s [41] compared to LMC X-4's 4 × 10 38 erg/s [42] . In addition, it is at a greater distance, giving it a larger optical depth for lensing. It also has longer total archival observations by recent X-ray telescopes. We thus focus on it for the remainder of this section. Given the SMC X-1 source flux of ∼ 0.1 cts/s/cm 2 for X-ray energies above a few keV, a telescope with an effective area of O(10 4 cm 2 ) is necessary to have O(100) counts for the time bin size of 0.1 s to constrain the magnification factor. We now discuss telescopes that fit this criterion.
Existing data from RXTE
Among the previous and current X-ray telescopes, the Rossi X-ray Timing Explorer Proportional Counter Array (RXTE PCA) and AstroSat [43] have large enough effective areas in the energy range of interest (a total collecting area of 6500 cm 2 ). Their effective areas are approximately flat for energies above around 4 keV and drop quickly near 2 keV and above 10 keV (80 keV) for RXTE [44] (AstroSat). In our data analysis, we will take the energy-dependent area into account when we calculate the magnification factor using (8) . RXTE PCA also has more pointed exposure for SMC X-1, 12.65 days, than any other modern X-ray telescope. This exposure time is in the ballpark of the averaged time interval for the lensing events, shown in Fig. 3 , which makes the observation of RXTE PCA on SMC X-1 very interesting to search for PBH dark matter.
We use the RXTE-specific tools in HEASOFT 6.25 [45, 46] 3 to analyze the RXTE PCA data from the GoodXenon1 and GoodXenon2 modes. Since SMC X-1 has an intrinsic pulsation period of about 0.7 s, we apply a Fourier transformation for the extracted lightcurves and remove the peaks associated with the intrinsic frequencies. We then perform an inverse Fourier transformation to convert the data back to obtain the pulsation-free lightcurves. The resulting lightcurves are used to estimate the apparent brightness and variability of the persistent emission (no flares or eclipses). As an example, we show a portion of one observation period (observation ID P10139) in Fig. 4 . For this observation with binning time t bin = 0.1 s, the fiducial brightness is calculated to be B fid = 496 cts/s with the standard deviation σ B,fid = 123 cts/s in the persistent emission.
Using this information, we create selection criteria to search for rare lensing events while keeping minimal statistical background. We may look for some number of consecutive points N consec on the lightcurve for which the count rate is greater than some number of standard deviations N σ above the mean [47] . The number of standard deviations N σ is chosen such that the number of expected statistical background occurrences is much smaller than one for the entire observation period. In other words, the probability for a given number of consecutive bins N consec to be all above a given threshold N σ ought to obey p t bin t obs = 1.16 × 10 −7 × 10 days t obs
where t obs is the total observation time. For example, assuming a Gaussian distribution and all points uncorrelated,
Nconsec where Φ is the cumulative probability function for a Gaussian with mean zero and standard deviation one; then, the probability to have three consecutive time bins with over 3σ fluctuation is 2.5 × 10 −9 , while the probability for having two consecutive time bins with 4σ is 1.0 × 10 −9 . If the points have additional correlations in time, one could either impose a more stringent statistical requirement or diagnose the to-be-found "interesting" events closer by examining their light curves and energy spectra. In practice, we fix N consec = 3 4 and require N σ just large enough to saturate a factor of 1/20 times the number in the right side of Eq. (12) . The actual bounds are not sensitive to the choice of factor.
With the requirement on N σ , we can then calculate the required energy-averaged magnification factor, µ T . For different binning time and apparent source brightness B, the required µ T is
where B fid is the fiducial apparent source brightness in cts/s with σ B,fid its standard deviation for a fiducial value of the binning time t bin,fid . For the fiducial values given above for the RXTE PCA data and N σ = 3, one has µ T = 1.74 for t bin = 0.1 s. With µ T determined, y T (x) can be computed using Eqs. (8) and (9), and the lensing event rate can be computed from Eq. (11). For each mass, the optimal value of t bin is determined to maximize the lensing event rate. If no lensing candidates are found and background is assumed to be nearly zero, masses and PBH abundances for which the expected number of lensing events is ≥ 3 can be excluded at 95% CL.
For the total RXTE PCA 12.65-day exposure of SMC X-1, there are about 10 days of persistent emission. We take a count rate of 170 cts/s/pcu [48] , though even higher rates have been observed [49] . We make a further simplified assumption that all 5 PCUs are active for these observations, although for many observations some of PCUs are not available. All of these assumptions are a bit optimistic. Since there is no microlensing-like event observed from our data analysis, we therefore set 95% CL constraints on the PBH parameter space in f PBH and M PBH in the red shaded region of Fig. 5 . We also show the gamma-ray constraints from PBH evaporation in the gray shaded region [4] and the Subaru/HSC constraints from microlensing of stars in M31 in the brown shaded region [6] .
For M PBH = 5×10 18 g, RXTE has the most stringent constraint of f PBH 2.0, which requires three consecutive 2.9σ time bins with t bin = 0.08 s and has µ T = 1.6. For small masses, the wave effect limits the maximum attainable magnification (see Fig. 1 ), and so the optimization procedure prefers to increase t bin and reduce µ T . Around the threshold mass of ∼ 2 × 10 18 g, the finite source size effects would become important if µ T were fixed (see Fig. 3 ). However, a smaller µ T from the optimization means that finite source size effects are reduced. On the other hand, for larger masses, the event passing time is long, which also leads to a smaller preferred µ T . So, µ T as a function of mass has a peak value located around 10 19 g. The increased sensitivity around M = 5 × 10 19 g is the result of wave effects giving a relatively flat µ(y) near the optimal µ T , allowing y T to be larger near this particular mass. The precise location of this dip depends on the source energy spectrum and the range of energies that are integrated.
Regarding the lower energy cutoff of E min = 2 keV, we have tested and found that the exact choice for this value has small effects on the bounds. This is because any gain from removing the influence of wave effects at lower energy is offset by a loss in apparent source brightness, which goes as E −0.93 before including the effective area dependence. One may consider other existing X-ray telescope data in addition to RXTE. For example, Chandra, XMM-Newton, Suzaku, and NuSTAR all have about 2 to 5 days of SMC X-1 exposure [50]. Unfortunately, their combined exposure time is less than RXTE alone. More importantly to the present discussion, the effective area of these telescopes is smaller than RXTE when multiple PCUs are on. With smaller count rates, a higher µ T and thus smaller y T (x) is necessary to pick out a lensing signal from the background fluctuations, reducing the rate of detectable lensing events. Figure 5 : Constraints on the PBH dark matter fraction f PBH and mass M at 95% CL using around 10 days observation of SMC X-1 by RXTE. Also shown are the projected limits from future observations of SMC X-1 by AstroSat, Athena and Lynx, and LOFT. The SMC X-1 source size with the X-ray energy above 2 keV is fixed to be 20 km for all thicker curves (the thinner green dot-dashed line for LOFT has a source size of 100 km for illustration purposes). Finite source size effects are unimportant due to the optimization of t bin (see text for details). Also shown are extragalactic gamma ray bounds from BH evaporation [4] and Subaru/HSC microlensing bounds [6] .
6.2 Projected sensitivity: AstroSat, Athena, Lynx, and LOFT Although the existing data from RXTE is not sufficient to constrain PBHs as 100% of dark matter, a longer observation of this X-ray pulsar source will probe this interesting PBH mass range. RXTE ceased its science operations in 2012, but the ongoing satellite telescope AstroSat, launched in 2015, has a similar effective area to RXTE. The orange dashed line of Fig. 5 shows the projected 95% confidence level (CL) limits for 100-day observations of SMC X-1 by AstroSat, which will constrain a wide range of PHB masses from 10 18 g to 10 20 g. Notably, only O(10 days) of AstroSat exposure to persistent emission are necessary to begin to constrain f PBH < 1 when combined with existing RXTE data.
Among the future X-ray telescopes, Athena [51] , Lynx [52] , and LOFT [53] have larger effective areas than RXTE PCA for the interesting energy range of 2-10 keV for the source SMC X-1. Both Athena and Lynx have an effective area as large as 2 m 2 at 1 keV, while LOFT has an even larger effective area of 8.5 m 2 peaked at 8 keV [54] . Taking into account the energy-dependent effective area, we show the projected limits for 100-day observations for both Athena and Lynx in the blue dotted line in Fig. 5 , which is similar to the limits from AstroSat but with the best-sensitive point at a slightly higher mass. This is because Athena and Lynx have their effective areas peaked at a lower value of energy, which cannot probe quite as low PBH masses due to wave effects. Finally, we show the ultimate sensitivity with a 300-day exposure for an X-ray telescope with a larger effective area like LOFT in the green dot-dashed line of Fig. 5 . It is interesting to note that a year-long observation of the SMC X-1 will almost cover the currently unconstrained mass gap for PBH's as an explanation for 100% dark matter. All of these bounds exhibit a bump in sensitivity similar to RXTE's a bit below 10 20 g due to wave effects. The limits for large masses are set by the increasing passing time, which results in a smaller rate that scales roughly as Γ ∝ M −1/2 [see Eq. (5)]. This effect is slightly offset by increasing t bin , allowing a smaller µ T as mass increases.
For all the bounds in Fig. 5 , the finite source size effect is not important, contributing less than a few percent correction for R S = 20 km. The reason is that the value of t bin has been chosen at each point to maximize the sensitivity. As a result of this, the smallest masses where bounds are possible tend to prefer larger t bin and smaller µ T . Smaller µ T delays the wave effect and finite source size effect from becoming relevant (see Figs. 2 and 3) , which can overcome the decrease in Γ as t min ∝ t bin increases. Because this optimization can be specified a priori, there is no trial factor.
Discussion and conclusions
We note that the selection criteria as presented will pick out both gravitational lens events as well as source flares. The two can be easily distinguished. First, in the lightcurve, flares exhibit a sharp rise followed by an exponential decay, whereas lensing events are symmetric and have a distinct shape (that varies depending on how far one is into the wave-regime). Furthermore, the effects of each on the energy spectrum differs, and they can be distinguished by, e.g., the hardness ratio. For larger masses with w 1, we are in the regime of microlensing where the magnification is uniform across all energies. In the other case, we are in the femtolensing regime [7] , and the calculable energy-dependent magnification will manifest in the measured spectrum.
Aside from their pulse periods, X-ray binaries exhibit other periodic fluctuations. In the case of SMC X-1, it has an orbital period of 3.89 days. During part of this period, its emissions are eclipsed by its accretion disk. Further, it exhibits a superorbital variation with period varying in the range 40 to 65 days [55, 56] , during which it oscillates between high-and low-state emission. To maximize lensing bounds, future observations should focus on uneclipsed high-states.
While we have chosen SMC X-1 as one of the most promising (and at present, most observed) cases, other X-ray binaries could contribute to future lensing bounds. We have already mentioned LMC X-4 as another promising X-ray pulsar which has similar distance as SMC X-1, although it is a bit fainter. Other closer X-ray pulsars within the Milky Way disk could add further to lensing bounds, although the optical depth for lensing these sources is smaller. Fi-nally, X-ray black holes could provide another avenue for setting bounds. The brightest and thus most promising X-ray black holes tend to be a bit heavier than X-ray pulsars (since pulsars are limited in mass by the requirement that they not gravitationally collapse). While these heavier black hole radii may be on the same order as the neutron star radii, the accretion and X-ray emission region may be larger owing to their larger mass. In addition, reprocessing dominates the black hole spectra to higher energies than for the pulsars [57] . As a result, a larger value for E min is necessary, which reduces the overall count rate. Even before this cut, the LMC and SMC black hole binaries are dimmer than SMC X-1. Nonetheless, they may prove especially useful for limiting larger-mass lenses where finite source size effects are unimportant. Better understanding and modeling of the source size and shape could improve the analysis in this paper.
Another approach to set bounds at masses nearer to the edge of the Subaru/HSC bounds is to employ sources emitting in energies between X-ray and visible, namely in the ultraviolet (UV). For example, UV stars in the M31 could be considered. However, finite source size effects must be taken into account for UV-emitters of stellar size. Indeed, finite source size effects were an important limiting factor in the Subaru/HSC study. A more detailed analysis may be worth pursuing. One could also consider other UV sources like type Ia supernovae [58] and hot white dwarfs [59] : the former also suffers the finite source size effect, and the latter can only be observed in our Milky Way galaxy and does not have enough optical depth.
In this paper, we have explored the potential for X-ray telescope observations of X-ray binary pulsars to probe lensing due to PBH DM with mass M ∈ [10 17 , 10 22 ] g or [10 −16 , 10 −11 ] M , between present BH evaporation and Subura-HSC bounds. We have identified SMC X-1 as one of the most promising candidate sources, which strikes a balance between a distant source with large optical depth and a bright source with good counting statistics. While present data are just shy of excluding PBH in this window, adding just O(10 days) of exposure to persistent emission by the presently-operating AstroSat telescope to the existing RXTE data can already start to probe presently unbounded PBH masses. A future telescope with larger effective area like LOFT could probe nearly all of the open mass range with about one year of exposure. The microlensing study for PBH in this paper can be also applied to other macroscopic dark matter candidates like dark quark nuggets [60] or axion miniclusters or stars [61] , provided they have small enough radii.
